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Abstract 

In this paper, delay-limited transmission of quasi-stationary sources over block fading channels are 
considered. Considering distortion outage probability as the performance measure, two source and channel 
coding schemes with power adaptive transmission are presented. The first one is optimized for fixed rate 
transmission, and hence enjoys simplicity of implementation. The second one is a high performance scheme, 
which also benefits from optimized rate adaptation with respect to source and channel states. In high SNR 
regime, the performance scaling laws in terms of outage distortion exponent and asymptotic outage distortion 
gain are derived, where two schemes with fixed transmission power and adaptive or optimized fixed rates 
are considered as benchmarks for comparisons. Various analytical and numerical results are provided which 
demonstrate a superior performance for source and channel optimized rate and power adaptive scheme. It is 
also observed that from a distortion outage perspective, the fixed rate adaptive power scheme substantially 
outperforms an adaptive rate fixed power scheme for delay-limited transmission of quasi-stationary sources 
over wireless block fading channels. The effect of the characteristics of the quasi-stationary source on 
performance, and the impUcation of the results for transmission of stationary sources are also investigated. 

Index Terms 

Outage capacity, quasi-stationary source, outage distortion, source and channel coding, rate and power 
adaptation. 



I. Introduction 

Multimedia signals such as speech and video are usually quasi-stationary and their transmission 
in real-time or streaming applications is subject to certain delay constraints. The delay limited 
communications over a wireless block fading channel is studied from a channel coding perspective 
in, e.g., m, [|2l|, where the performance is quantified in terms of channel outage probability, outage 
capacity and delay-limited capacity. In this paper, we study the delay-limited transmission of a quasi- 
stationary source over a block fading channel from the perspective of source and channel coding 
designs and performance scaling laws. 

The zero outage capacity region of the multiple access and the broadcast block fading channels, 
respectively are studied in [|2l and Q. In [O, it is shown that the delay limited capacity of a single 
user Rayleigh block fading channel is zero. In [Q and flU, power adaptation for constant rate 
transmission over point-to-point, broadcast and multiple access block fading channels is designed 
for minimum outage probability. The outage performance of the relay block fading channel is 
investigated in, e.g., [El-Q. 

The end to end mean distortion for transmission of a stationary source over a block fading channel 
is considered in [[8]|- [fT3]| . The performance is studied in terms of the (mean) distortion exponent or 
the decay rate of the end to end mean distortion with (channel) signal to noise ratio (SNR) in high 
SNR regime. 

The transmission of a stationary source over a MIMO block fading channel is considered in 
lfT4ll . where the distortion outage probability and the outage distortion exponent are considered as 
performance measures. For constant power transmission, it is shown in (T^ that separate source and 
channel coding schemes with constant (optimized) or adaptive transmission rate essentially provide 
the same distortion outage probability. 

We consider the delay-limited transmission of a quasi-stationary source over a wireless block 
fading channel. The assumption is that the channel state information is known at the transmitter. 
The source and channel separation does not hold in this setting [[T5l[fT6l . however, for practical 
reasons we are interested in exploring the designs that combine conventional high performance 
source codes and channel codes in an optimized manner. Specifically, a framework for rate and/or 
power adaptation using source and channel codes, that achieve the rate-distortion and the capacity in 
a given state of source and channel, is presented. The applicable performance measures of interest, 
as described in Section II, are the probability of distortion outage and the outage distortion exponent. 
Under an average transmission power constraint, two designs are presented. The first scheme devises 
a channel optimized power adaptation to minimize the distortion outage probability for a given 
optimized fixed rate, and hence enjoys the simplicity of single rate transmission. The second scheme 
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formulates adaptation solutions for transmission power and source and channel coding rate such 
that the distortion outage probability is minimized. As benchmarks, we consider two constant power 
delay-limited communication schemes with channel optimized adaptive or fixed rates. 

The performance of the presented schemes are assessed and compared both analytically and 
numerically. Specifically for large enough SNR, different scaling laws involving outage distortion 
exponent and asymptotic outage distortion gain are derived. The analyses are mainly derived for 
wireless block fading channels and are specialized to Rayleigh block fading channels in certain 
cases. The results demonstrate the superior performance of the source and channel optimized rate 
and power adaptive scheme. An interesting observation is that from a distortion outage perspective, 
an adaptive power single rate scheme noticeably outperforms a rate adaptive scheme with constant 
transmission power. This is the opposite of the observation made in [17] from the Shannon capacity 
perspective. The effect of the statistics of quasi- stationary source on the performance of the presented 
schemes is also investigated. In the marginal case of a stationary source, our studies reveal that a 
fixed optimized rate provides the same outage distortion as the optimized rate adaptation scheme, 
either with adaptive or constant transmission power. The results shed light on proper cross-layer 
design strategies for efficient and reliable transmission of quasi- stationary sources over block fading 
channels. 

The paper is organized as follows. Following the preliminaries and the description of system 
model in Section [11} Section [nil presents the design based on fixed source coding rate for minimized 



distortion outage probability. Next, in Section |IV[ we present the adaptive rate and power source and 
channel coding design. Finally performance evaluations and comparisons are presented in Section 

El 



IL System Model 

We consider the transmission of a quasi-stationary source over a block fading channel. Specifically, 
the source is finite state quasi- stationary Gaussian with zero mean and variance crf in a given block, 
where s E S : S = {1,2, Ns}(W]. The source state s from the set 5 is a discrete random 
variable with the probability density function (pdf) P{s). The source coding rate in a block in state 
s, is denoted by Rg bits per source sample. Hence, according to the distortion-rate function of a 
Gaussian source ifTSll [11911 . the instantaneous distortion in a block in state s is given by D = erf 2~^^^ 

We consider a point to point wireless block fading channel for transmitting the source information 
to the destination. Let X, Y and Z, respectively indicate channel input, output and additive noise, 
where Z is an i.i.d Gaussian noise ~ A/'(0, 1). Therefore, we have Y = aX + Z, where a is 
the multiplicative fading which is constant across one block and independently varies from one 
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block to another according to the continuous probability density function f{a). For a Rayleigh 
fading channel, the channel gain lap is an exponentially distributed random variable, where we 
here consider E[a] = 1. 

The block diagram of the system is depicted in Fig. [T] We consider K source samples spanning 
one source block coded into a finite index by the source encoder. This index is transmitted in N 
channel uses spanning one fading block (bandwidth expansion ratio b = ^, here b eN). We assume 
that K and N are large enough such that, over a given state of source and channel, the rate distortion 
function of the quasi- stationary source and the instantaneous capacity of the block fading channel 
may be achieved. The source coding rate Rg in bits per source sample and channel coding rate R 
in bits per channel use are related by Rg = bR. The instantaneous capacity of the fading Gaussian 
channel (T] over one block (in bits per channel use) is defined as 

C(a,7) = ^log2(l + a7). (1) 

In case of a channel outage, in each state of the source and the channel the instantaneous 

distortion is equal to the variance of the source and the decoder reconstructs the mean of the source. 

Whereas without channel outage, distortion is given by al2~'^^^. Thus, the distortion at a given state 

(s, a) is equal to / 

1^22-2^^ ifi?<C(«,7) 

{al if/?>C(a,7), 
where C(a,7) is given in ([1]). Let D„i be a nonnegative constant and represent the maximum 
allowable distortion. The distortion outage probability evaluated at Dm is defined as 

PDout = Prp(a„a,7) >D^), (3) 

where 7 = 7(crs, a) is the transmission power and we have the power constraint E[7] < P. 

The outage distortion exponent is defined as [14J 

* InPoout 
AoD = Jim 

Let Pi and P2 be the average powers transmitted to asymptotically achieve a specific distortion 
outage probability by two different schemes. We define the asymptotic outage distortion gain as 
follows 

God = 10 logio A - 10 logio ^i- (5) 

In the sequel, we also use the following mathematical definitions 

[x]"*" := max{x, 0} (6) 

and 1"^ g-« 

Ei{x) := / da, (7) 



as well as the following two approximations (refer to (5.1.53) in [jlQlD 

El (x) ^ -Ec - ln(x) if X ^ , (8) 

where E^, = 0.5772156649 is the Euler constant and 

e^ = l + x ifx^O. (9) 

III. Channel Optimized Power Adaptation with Fixed Rate Source and Channel 

Coding 

In this section, the aim is to find the optimized power allocation strategy and fixed rate such 
that the distortion outage probability for communication of a quasi- stationary source over a wireless 
fading channel is minimized. With a fixed rate, the encoders do not need to be rate adaptive which 
simplifies the design and implementation of transceivers. Noting (|3]) the distortion outage probability 
is computed as follows 

Poout = Pr(i? >C{a,^))Pr{al > D^) + (l - Pr(i? > C {a,^)))Pr{al2-^''' > Dm). (10) 

We have the following design problem. 

Problem 1: The problem of delay -limited channel optimized power adaptation for communication 
of a quasi- stationary source with minimum distortion outage probability (COPA-MDO) is formulated 
as follows 

min Poout 

subject to E[7] < p. (11) 

The solution to Problem [T] is obtained in two steps. For a given fixed rate and noting Pr((T^2~^''^ > 
Dm) < Pr(o"g > Dm) ■ V-R > 0, minimizing ([10]) is equivalent to minimizing Pr(i? > C (a, 7)). 



Problem [2] below formulates this (sub)problem and provides the optimum power adaptation strategy 
as a function of R. Next, solving Problem [3j as described below, provides the optimum solution for 
R, and hence problem [T] is solved. 

Problem 2: With COPA-MDO scheme and with a given fixed channel coding rate R, the power 
adaptation problem is formulated as follows 

minPr(i? > C(a,7)) 

(12) 

subject to E[7] < P. 

Proposition 1: The solution to Problem |2] for optimized power adaptation over a block fading 
channel is given by 

2^-1 ;f „ 22«-l 



if a > 



i%<y,R)={ " " (13) 

if a < ^ ' 
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in which ql is selected such that the power constraint is satisfied with equality, i.e., 

2^^ - 1 

-/(a) da = P. 



a 



(14) 



a>- 



Specifically for Rayleigh block fading channel, ( [T4| ) is simplified to 

'22^-1- 



(2^« - 1) E, ^- 



P. 



(15) 



Proof: The proof follows that of Proposition 4 in [jH. Based on ( [141 ), for Rayleigh block fading 



channel ql is to satisfy ( [15] ). In fact g* sets the SNR threshold below which the channel outage 
occurs. ■ 



(16) 



Now for obtained 7* (a,/?), minimizing ( jlQ] ) is equivalent to maximizing 

A(i?) =Fr(^R<C {a, 7* (a, R))^ (pr {a^ > D^) - Pr {al2-^''' > Dm)^ , 

as formulated in Problem [3] below. 

Problem 3: For COPA-MDO scheme with optimum power adaptation 7*(q;,_R), the optimum R, 
denoted by R*, is given by the solution to the following optimization problem 

max A{R) 

^ (17) 
subject to Ea[j*{a,R)] < P. 

Proposition 2: Solution to Problem [3] for block fading channel is R*, where R* is an element of 
the set log2 s G 5, erf > -Dm} that maximizes 



Pr a > 



for ql satisfying ( [14] ). 

Proof: Using ([!]) and ( [T3] ), we have 



Pr {al > D^) - Pr {al2-''^ > D^)j 



(18) 



C(a,7) 



R if 



if2^"-i 



<ql 

a >q*l 



(19) 



Therefore, 



Thus, the maximization in Problem |3] is equivalent to 



Pr(i? < C(a,7)) = Pr a > 



)2i?. 



max Pr I a > 

R 



■)2R 



Ql 



Pr{a',>D^)-Pr{aX''''>D^) 



(20) 



(21) 



where ql satisfies ( [T4j ). 



It is clear in pT] ) that Pr (cr^ > Dm) — Pr (erf 2 > is an ascending (stair case like) function 
of R with discontinuity at i? = ^ log2 ;^;Vs G S, al > Dm- On the other hand, noting ([14]), 
^ — — - increases as R grows; and therefore Pr ( a > ^— ) decreases as R increases. Thus, the 

1 I—, V / „ 



objective function in Problem |3| has discontinuities at i? = ^ log2 Vs G 5, a? > Dm and also is 



a descending function of R between two subsequent discontinuity points. Hence, we can conclude 
that the maximum of pT] ) occurs at one of these discontinuity points. ■ 

The next two Propositions quantify the performance of the proposed COPA-MDO scheme in 
terms of the resulting distortion outage probability and outage distortion exponent, respectively. 

Proposition 3: The distortion outage probability obtained by COPA-MDO scheme for transmis- 
sion of a quasi-stationary source over a Rayleigh block fading channel is given by 



Dout 



1 — exp 



)2R* 



1 



Ql 



Pr(a2 > Dm) + exp 



■)2R* 



1 



with ql satisfying the following equation 

(2^^* - 1) E, 

and R* given in Proposition [2j 



)2R* 



Ql 



P 



2o-2feR* 



> Dr^ 



(22) 



(23) 



Proof: Noting ( [20l ) and with exponentially distributed channel gain, we obtain 

/ 92^?* _ 1 - 

Pr(i?*<C(a,7))=exp 

V Ql 



(24) 



where R* is given in Proposition |2] Hence, equation ([22]) is derived by replacing ( [24] ) in ( [10] ). ■ 
As expected, the power allocation and hence the resulting distortion outage probability are func- 
tions of the optimized fixed rate. 

Proposition 4: For communication of a quasi- stationary source over a Rayleigh block fading 
channel, the COPA-MDO scheme achieves the outage distortion exponent Aqd of the order O (^i^^ 
for large average power limit P. 

Proof: To compute Aqd as defined in (]4]), we first note that according to ([23]) and Proposition 
jij for large enough P, we have — )• 0. Thus, using the approximation given in ([8]), ([23]) can 
be rewritten as follows. 



- (22«* - 1) In 



■)2R* 



Ql 



P 



or equivalently 



,-(2--l)exp(^^) 



(25) 



(26) 



Therefore, using d9b and (26) and noting 



I1 



— 0, ([22|) can be rewritten as follows 
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PDout = Pr (a^ > Djj exp J^- 



P 



1 — exp 



P 



Pr(a22-2^^' > D^). (27) 



Noting Proposition [2] or equivalently minimizing pTj ) for large power constraint, it is observed that 



the optimum R* have to be set such that Pr((T^2 



2r,-2bR* 



0, i.e., 



1 max{(T2} 



(28) 



Thus, we have 



Poout = Pr {a^s > Dm) exp 



-P 



V 



and therefore. 



A 



OD 



lim 

P— >-oo 



max{(j|} \ 

s 



lnPr((T2 > /}„) 



(29) 



(30) 



InP 



Hence, the proof is complete. ■ 
For the optimized fixed rate R*, the distortion outage exponent enhances when the average power 
limit P increases. 

In the following three Corollaries, we summarize the implications of the COPA-MDO design for 
transmission of stationary sources over block fading channels. The stationary source is a Gaussian 
with zero mean and variance cr^ > Dm- Obviously, with cr^ < D^, the distortion outage probability 
is equal to zero. The results are directly obtained from Propositions [T| |2[ [3] and |4] and allows for 
insights into the system performance as it relates to source statistical characteristics. 

Corollary 1: The optimum power adaptation and channel coding rate prescribed by COPA-MDO 
for transmission of a stationary source over a block fading channel are given by 



R* 



1 1 ^ 



and 



.Mi 



-1 



.Mi 



7 



if a > 



(31) 



(32) 



otherwise 
in which ql is selected such that the power constraint is satisfied with equality, i.e.. 



a>- 



9l 



- 1 



a 



-f{a)da = P. 



(33) 



Specifically for Rayleigh block fading channel, ( [33] ) is simplified to 




1 



\ 



P. 



(34) 



Thus, for transmission of a stationary source over a block fading channel, the optimized fixed rate 
is simply set such that the source coding distortion is equal to its maximum Dm- 

Corollary 2: The distortion outage probability obtained by COPA-MDO for transmission of a 
stationary source over a Rayleigh block fading channel is given by 



Dout 



1 — exp 



Dr, 



(35) 



with q* satisfying the following equation 

,2 




ff- 



1 



v 



q* 



P. 



(36) 



The results in Corollary [2] is obtained noting that cr^ > Dm and Pr((T^2"^''^* > Dm) = for 
stationary sources. 

Corollary 3: For communication of a stationary source over a Rayleigh block fading channel and 
with large average power limit P, the COR\-MDO scheme achieves the outage distortion exponent 



A 



OD 



lim 

P^oo 



InP 



t2 A 5 



of the order O ( j~ 



This immediately follows the proof of Proposition |4] and noting that for stationary sources R* = 

26 ^°g2 Dm ■ 

The performance of COPA-MDO scheme is studied and compared in Section |V| 

IV. Source and Channel Optimized Power and Rate Adaptation 

In this section, we consider power and rate adaptation with regard to source and channel states for 
improved performance of communications of a quasi- stationary source over a wireless block fading 
channel. Thus, the objective in this section is to devise power and rate adaptation strategies for 
each state (s, a) such that the distortion outage probability is minimized, when the average power 
is constrained to P. We have the following design problem. 

Problem 4: The problem of delay-limited source and channel optimized power adaptation for 
transmission of a quasi- stationary source with minimum distortion outage probability (SCOPA- 
MDO) over a block fading channel is formulated as follows 



min Poout = Pr (^(o-^, a,'j) > D,, 
subject to £[7] < P, 



(37) 
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where D{as,a,'y) is given in ([2]). 

Proposition 5: The solution to Problem |4] for an arbitrary block fading channel is given by 



,2 \ 6 



if i 



t2 \ 6 



Otherwise 



- 1 



<q2 



(38) 



and 



R 



hJog^ if # > 1 and ^ 



2b Dm D 

Otherwise 
with ql satisfying the following equation 



1 

t2 \ b 



D„ 



< q*2 



(39) 



5:0-2 >D„ 



/ 



1 

^2 \ i, 



1 

,2 \ 6 



Dr, 



a 



-f{a)P{s)da = P. 



(40) 



<Q2 



Proof: The transmission rate may be controlled with respect to the channel state. Specifically, 
it is logical to set the rate to its maximum as follows 

i? = C(«,7) = ^log(l + «7) (41) 

and therefore, we have 



D{as,a,'j) = all 



-2bR 



(42) 



(1 + a7)''' 

Let 7 represent the probabilistically adapted transmission power. Obviously with distortion outage, 
7 is set to zero and without distortion outage, the power is set to 7 such that D(as,a,^) < D„i. We 
define co{as,a) to be the probability that (noting the channel SNR) the power is not zero in state 
as and a. We have, 

'J {as, a) with probability to (as, a) 

(43) 

with probability 1 — uj{as,a). 

Thus, the distortion outage probability and the average transmitted power, respectively are 1 — 
E[u{as, a)] and E[u{as, a)7((Ts, a)]. Hence, using a Lagrangian optimization approach, the problem 
may be restated as follows in which the Lagrangian variable A is set such that the power constraint 



in (37) is satisfied with equality. 



max E[u{as,a)] — XE[uj{as,a)'y{as,a)] subject to 

Lj{<Js,a),'y{as,a) 



(44) 



[l + ai{as,a)y-^"' 



Co: < uj(a,, a) < 1. 
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Note that oj{as,(y) = is a trivial case that is excluded in C2 above. Due to the fact that Ci 
(representing D(as, a, 7) < Dm) and C2 are convex, the solution to the above for A > is globally 



optimal. To solve this problem, we first find 7*(as, a) to maximize (|44]) for a given Lo{as, a). Then 



for the resulting power adaptation strategy, we obtain 00* {as, a) to maximize (|44]). Thus, 7*(crs,a) 
is the solution to 



min XE[uj{crs,a)'y{as,<y)] subject to 



(45) 



[1 + a'y{as,a)y 

Noting A > and < uj{as,a) < 1, ( [45] ) is equivalent to the following 

min 7(0-^, a) 



subject to 



(46) 



Obviously, as 7*((Ts,a), the solution to the problem above, is to be nonnegative, we have 



7 [(^s,a) 



1 

a 



1 



(47) 



Now, given the power adaptation Yi'^s, the optimization problem ( [44] ) may be rewritten as follow 

max E[u{(7s,a) {1 — X'y*{as,a))]. (48) 

0<uj{o-s,a)<l 



u [as, a 



(49) 



The solution to (|48j) is given by 

'1 if 7*(^^s,«) < i 

if r{(rs,a)> I 

Therefore, noting (|47]), (|49]) and (|43]), we obtain ([38]). Substituting ([38]) in ([41]), achieving ([39j) is 
straightforward. 

The Lagrangian variable A is set such that the power constraint E[u;*(crs, tt)7*(o"s, a)] = -P is 
satisfied. We have 

J2 I l*icTs,a)f{a)P{s)da = P, (50) 

where replacing j with ^2 completes the proof. ■ 
The next two Propositions quantify the performance of the proposed SCOPA-MDO scheme in 

terms of the resulting distortion outage probability and outage distortion exponent, respectively. 
Proposition 6: The distortion outage probability for transmission of a quasi- stationary source 

using the SCOPA-MDO scheme over a Rayleigh block fading channel is given by 
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PDout = Pr(cr,2 > D^) - exp 

5:0-2 >D,„ 



( m'-^ 



\ 



Pis) 



(51) 



with ^2 satisfying the following equation 



Dr 



1 \Ei 



\ 



P{s) = P. 



(52) 



Proof: The proof is provided in Appendix |Aj ■ 
Proposition 7: For communication of a quasi- stationary source over a Rayleigh block fading 
channel, the SCOPA-MDO scheme achieves an outage distortion exponent Aqd of the order O (^1^ j 
for large average power limit P. 

Proof: Noting ([52]), P — )■ 00 requires that ^2 ~^ 00. In this case, using ([8]), we can rewrite ( |52| ) 
as follows. 



Dr. 



1 In 



t2 \ 6 



1 



(53) 



92 



and after some manipulations, we obtain 

/ \ 

P 



^2 = exp 



\s:(t|>D„ 



1 

t2 \ b 



1 Pfsl 



. exp 



E 



s;o-?>D„ 



1 

t2 \ fc 



1 In 



1 

t2\ b 



-1 Pfsl 



E 



1 

t2 \ 6 



1 Pfs) 



Considering ( [51] ) and ([9[) for — ^ 00, we have 



Dout 



^2 2 



s:(t2>_D„ 



1 P{S). 



(54) 



(55) 



Hence, noting ([54]) for ^3 ^ 00 we obtain 

Aoo = lim 



P 



P— s>oo 



InP E 

s:o-2>D„ 



1 

t2 \ 6 



1 P(.) 



(56) 



Thus, the proof is completed. ■ 
The following Corollary expresses the implication of the SCOPA-MDO design for transmission 
of a stationary source over block fading channels. This is directly obtained from Proposition |5] when 
a stationary source is assumed. 
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Corollary 4: The optimum channel coding rate and power adaptation prescribed by SCOPA-MDO 
for transmission of a stationary source over a block fading channel are given by 

/.Mi , 

\ log2 # if " > 



Jl* = l^2h ^^62 " - ql (57) 

Otherwise 



if a> ^ 



7* = { 1*2 - 1*2 ' (58) 

otherwise 

in which ^2 is selected such that the power constraint is satisfied with equality, i.e., 

- 1 



a 



-/(a) da = P. (59) 



92 



Specifically for Rayleigh block fading channel, ([59]) is simplified to 

-1 1^1 




p. (60) 



Remark 1: Examining Corollaries [T] and |4] for transmission of a stationary source over a block 
fading channel, one sees that the SCOPA-MDO and COPA-MDO schemes provide the same distor- 
tion outage probability and outage distortion exponent. This implies that in this setting with power 
adaptation an optimized fixed rate provides all the gain that may be obtained by rate adaptation. 

The performance of SCOPA-MDO scheme is studied in Section |V) 

V. Performance Evaluation 

In this section, we first present two constant power transmission schemes as benchmarks for 
comparisons. Next, we consider analytical performance comparison of different schemes followed 
by numerical results. To this end, we consider four quasi-stationary sources, with Ng = 25 where 
the variance of the source in the state s is given by cr^ (s) = (1 + : Vs G {0, 1, Ns — 1}. For 
three of the sources, labeled as Gl, G2 and G3, the probability of being in different states follows 
a discrete Gaussian distribution with mean 3 and variances 0.05, 0.48, 1.07, respectively. For the 
fourth source, U, the said distribution is considered uniform with the same mean and a variance of 
1.44. We also consider an stationary source S with = 3 for a meaningful comparison. Unless 
otherwise mentioned, we consider the source G2 for the following results and simulations. 
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A. Benchmark 

Two constant power schemes for transmission of a quasi- stationary source over a block fading 
channel are considered as benchmarks for comparisons. In the first scheme, the channel coding 
rate is adjusted based on the channel state to minimize the distortion outage probability; hence the 
scheme is labeled as Channel Optimized Rate Adaptation with Constant Power (CORACP). In the 
second scheme with Constant Rate and Constant Power (CRCP), the aim is to find the optimized 
fixed rate such that the distortion outage probability is minimized. 

1 ) Channel Optimized Rate Adaptation with Constant Power: With CORACP and constant trans- 
mission power P, the instantaneous capacity is given by C = | log2 {l + aP); and hence to 
minimize Pdoui it is logical to consider the rate adaptation strategy of R = C. The source coding 
rate is then set as Rg = bR. The next two Propositions quantify the distortion outage performance 
of CORACP 

Proposition 8: The distortion outage probability for transmission of a quasi- stationary source over 
a Rayleigh block fading channel using CORACP is given by 



Dout 



1 

P 



1 



Pis) 



(61) 



Fr{al > Dm) - 

s:a1>D,n 

Proof: The proof is provided in Appendix |B] ■ 
Proposition 9: For communication of a quasi-stationary source over a Rayleigh block fading 
channel, the CORACP scheme achieves the outage distortion exponent Aqd of the order O (1). 
Proof: Using (|9]) and considering large enough P, ( |6T] ) can be rewritten as 



Dout 



1 

P 




1 Pis). 



(62) 



Thus, 



A 



OD 



lim - 

P— !>00 



s:o-?>D„ 



InP + ln Yl 

s:a1>Dr, 



1 Pis) 



(63) 



InP 



and the proof is complete. ■ 
Based on Propositions [8] and |9} the following Corollary presents the performance of CORACP 
with stationary sources. 

Corollary 5: For communication of a stationary source over a Rayleigh block fading channel, the 
CORACP scheme achieves a distortion outage probability of 



Dout 



1 — exp 



(64) 
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and an outage distortion exponent of /S.od of the order O (1). 

2) Constant Rate Constant Power: With CRCP, the fixed rate is optimized to minimize the 
distortion outage probability when the power is constant. The following three Propositions express 
the optimized fixed rate, distortion outage probability and distortion outage exponent obtained by 
CRCP. 

Proposition 10: For transmission of a quasi-stationary source over a block fading channel using 
the CRCP scheme, the optimum rate, R*, is an element of the set log2 s G 5, o"^ > D^} 
that maximizes 

Pr (^a > ^-p^) > D„.) " Pr (^'2-^^^ > Dm)^ (65) 

Proof: The proof is similar to the proof of Proposition [3] ■ 
Proposition 11: For transmission of a quasi-stationary source over a Rayleigh block fading chan- 
nel, the CRCP scheme achieves the distortion outage probability of 



Dout 



(l - exp Prial > + exp (^-^—^^ Pr(a22-2^^* > DJ, (66) 



with R* in Proposition 10 and the outage distortion exponent Aqd of the order 0(1). 

Proof: Noting ( [TO] ) and constant power P with exponentially distributed channel gain, obtaining 
Poout is straightforward. For a large power constraint, one can verify that R* is simplified to 

1 max{cr2} 

Thus, from Proposition 1 1 and noting (|9]) and ( [67] ), we obtain 



max|(T?|\ 6 



-D;;r~ i " ^ (68) 

W = ^ ^ Pr {crl > Dm) 

and therefore, 

- ln(P) +\n(( f"^] '-l)pr {al > 0^)] ^^^^ 
AoD = ]im ^ ^ = 1. 

m 

Based on the above two Propositions, the following two Corollaries present the optimum rate and 
the performance of CRCP with stationary sources. 

Corollary 6: The optimum channel coding rate prescribed by CRCP for transmission of a sta- 
tionary source over a block fading channel is given by 
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Corollary 7: For communication of a stationary source over a Rayleigh block fading channel, the 
CRCP scheme achieves a distortion outage probability of 



Pdoui = 1 - exp 



P 

\ ) 



(71) 



and an outage distortion exponent of I\od of the order 0(1). 

Remark 2: Noting Corollaries |5] and [7] for transmission of a stationary source over a block 
fading channel, one sees that the CORACP and CRCP schemes provide the same distortion outage 
probability and outage distortion exponent. This implies that in this setting with constant power, an 
optimized fixed rate provides all the gain that may be obtained by rate adaptation. 

B. Analytical Performance Comparison 

In the sequel, we quantify the respective asymptotic outage distortion gain Gqd of SCOPA-MDO, 
COPA-MDO, CORACP and CRCP for transmission of a quasi- stationary source over a block fading 
channel. 

Proposition 12: In transmission of a quasi- stationary source over a Rayleigh block fading channel, 
the asymptotic outage distortion gain obtained by SCOPA-MDO with respect to COPA-MDO is given 

by ^ . 

Goo ^ lOlog,. (C^) ' - ij - 10.og„^^i:^J^(£)' - l) Pis). (72, 

Proof: The proof is provided in Appendix |C] ■ 
Proposition 13: In transmission of a quasi-stationary source over a Rayleigh block fading channel, 
the asymptotic outage distortion gain obtained by COPA-MDO with respect to CORACP is given 

by 

God = 10 logio i 10 logio 1^ 7 1 x > (73) 

where Pi and P2 are power limits in COPA-MDO and CORACP; Pi(dB) =P2{dB)-GoD- 

Proof: The proof is provided in Appendix |C] ■ 
Proposition 14: In transmission of a quasi- stationary source over a Rayleigh block fading channel, 
the asymptotic outage distortion gain obtained by CORACP with respect to CRCP is given by 

God = lOlog,, (( ("^^^^^^ - 1^ Pr > - lOlogio ^ (^(-^^ - ij P(.). 

(74) 
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TABLE I 

Asymptotic outage distortion gain God of scheme 1 with respect to scheme 2 for source G2 evaluated at 

6=1 AND = 8dB. 



Scheme 1 


Scheme 2 


God at A = 25dB 


God at A = 20dB 


SCOPA-MDO 


COPA-MDO 


7.14 


7.14 


COPA-MDO 


CORACP 


12.28 


8.16 


CORACP 


CRCP 


5.74 


5.74 



Proof: The proof is provided in Appendix |C] ■ 
As evident, Gqd of SCOPA-MDO with respect to COPA-MDO and CORACP with respect to 
CRCP are independent of the power. This is while the gain of COPA-MDO with respect to CORACP 
depends nonlinearly on the average transmission power limit and it improves when the power limit 
increases. The dependency of Gqd on the variance of the source in different states and the maximum 
allowable distortion is also seen in ^17\ to (|74]). Table |l] presents the value of Gqd at Dm = 8dB. 

The distortion outage exponent A^o of the COPA-MDO and SCOPA-MDO schemes which are 
derived in line with the proofs of the Propositions |4] and |7| are quantified in Table [Ilj As denoted in 
Propositions [9] and [TT| CORACP and CRCP schemes give /\od = 1- The distortion outage exponent 
indicates the speed at which the distortion outage (dB) reduces as the average power (limit) (dB) 
increases. Therefore, as evident, this speed is noticeably high with SCOPA-MDO and very low with 
CORACP and CRCP Furthermore, the Aqd obtained by SCOPA-MDO and COPA-MDO depends 
on the average power limit P, maximum allowable distortion Dm and bandwidth expansion ratio b. 
It is observed that with SCOPA-MDO and COPA-MDO, Aqd improves as b, P or Dm increase. In 
fact, for a given value of A^, a larger b implies a more finely encoded source that is more sensitive 
to channel errors and hence can more greatly benefit from increased power. The results in Tables 
I and II indicate that from the perspective of probability of distortion outage, for delay-limited 
communication of quasi- stationary sources, CORACP and CRCP schemes may not be appropriate 
designs. 

The following three Corollaries quantify the asymptotic outage distortion gain in transmission of 



a stationary source over block fading channels. These are directly obtained from Propositions 12 



and 14 when a stationary source is considered. 

Corollary 8: In transmission of a stationary source over a Rayleigh block fading channel, the 
asymptotic outage distortion gain obtained by SCOPA-MDO with respect to COPA-MDO is equal 
to zero. 

Corollary 9: In transmission of a stationary source over a Rayleigh block fading channel, the 
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TABLE 11 

Distortion outage exponent Aoo of the proposed schemes for source G2 



Bandwidth Expansion Ratio 


b=\ 


b=5 


Schemes and Settings 


SCOPA-MDO 


COPA-MDO 


SCOPA-MDO 


COPA-MDO 


D,„ = 8dB, P = 16dB 


18.90 


3.89 


129.08 


34.33 


D„ = 8dB, P = 20dB 


37.97 


7.53 


259.39 


68.69 


D„, = 5dB, P = 20dB 


10.80 


3.27 


95.75 


42.53 



asymptotic outage distortion gain of COPA-MDO with respect to CORACP is equal to 

GbD = 101ogioj^, (75) 
where X := — and P2 is the power limit of CORACP. 

Corollary 10: In transmission of a stationary source over a Rayleigh block fading channel, the 
asymptotic outage distortion gain of CORACP with respect to CRCP is equal to zero. 

The values of Gqd in fTS] ) and /S.od in Corollary |3]for the stationary source S, P2 = 20dB and 
Dm = 8dB respectively amount to 16.33dB and 51. Noting Remarks [T] and [2} it is observed that 
with stationary sources and common settings, an optimized fixed rate scheme and an adaptive rate 
scheme provide the same distortion outage probability. Therefore, in this setting, with optimum 
power adaptation, COPA-MDO and SCOPA-MDO schemes; and with constant power, CORACP 
and CRCP schemes provide the same distortion outage probability. 

C. Numerical Results 

Figs. 2a and 2b depict the distortion outage probability performance of the presented schemes as 
a function of the power constraint P for Dm = 8 dB and Dm = 5 dB, respectively. As expected, for 
a given P, Pdoui decreases as Dm increases. It is evident that the proposed SCOPA-MDO scheme 
achieves an asymptotic outage distortion gain of about 7.1 dB and 5.6 dB with respect to COPA- 
MDO, for P = 20 dB and Dm = 8 dB and Dm = 5 dB, respectively. In the same settings, the 
COPA-MDO scheme achieves asymptotic outage distortion gains of about 9.1 dB and 6.3 dB with 
respect to CORACP; and CORACP achieves gains of 6dB and 4.9 dB with respect to CRCP The 
results obtained from simulations and what is reported in Table |l] from analyses match reasonably 
well given the assumption of very high average SNR considered in the analytical performance 
evaluations. 

The analytical results in Table |ll] for Aod performance, may also be observed in numerical results 
of Figs. 2a and 2b. Specifically, at each point on the curves, the corresponding value in the vertical 
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coordinate in dB, i.e., 10 log^^o Poom divided by the value in the horizontal coordinate, i.e., P(dB), 
indicates —Aqd- For example, as seen in Fig. 2b, Aqd for SCOPA-MDO is almost equal to 38 at 
P = 20 dB with = 8 dB. 

Figs. 3a and 3b depict the Poout performance of the presented schemes for different sources. 
As observed, as the non- stationary characteristics of the source intensifies (from source S to U), 
the distortion outage probability increases in general. However, the sensitivity of the performance 
of different schemes to the level of non-stationarity varies. Once again, the advantage of power 
adaptation is clear. For the stationary source S, as noted in Remarks [T] and |2] and also seen in these 
Figures, SCOPA-MDO and COPA-MDO schemes provide the same distortion outage probability 
in this setting. This also holds true for CORACP and CRCP It is observed that SCOPA-MDO (or 
equivalently COPA-MDO) scheme achieves an asymptotic outage distortion gain of about 16.8 dB 
with respect to CORACP (or equivalently CRCP) for P = 20dB and = 8dB. 

It is noteworthy that the four methods discussed, rely on different levels of source and channel 
state information (SSI and CSI). Specifically, it can be verified that three schemes of SCOPA-MDO, 
COPA-MDO and CORACP require instantaneous CSI for rate and/or power adaptation, while CRCP 
needs CSI statistics. The SCOPA-MDO scheme also needs instantaneous SSI, while COPA-MDO 
and CRCP simply need SSI statistics. 

VI. Conclusions 

In this paper, delay-limited transmission of a quasi- stationary source over a block fading channel 
was considered. Aiming at minimizing the distortion outage probability, two transmission strategies 
namely channel-optimized power adaptation with fixed rate (COPA-MDO) and source and channel 
optimized power (and rate) adaptation (SCOPA-MDO) were introduced. The SCOPA-MDO scheme 
provides a superior performance, while the COPA-MDO scheme enjoys the simplicity of single rate 
transmission. In high SNR regime, different scaling laws involving outage distortion exponent and 
asymptotic outage distortion were derived. Our studies confirm the benefit of power adaption from 
a distortion outage perspective and for delay-limited transmission of quasi-stationary sources over 
wireless block fading channels. The analyses of the presented schemes in the case of stationary 
sources indicate the same outage distortion performance with or without rate adaptation. 



Appendix A 
Proof of Proposition [6] 

Noting ( |40| ) and (|7]) for exponentially distributed channel gain, we can obtain ( [521 ) and subsequently 



q2 by numerical methods. Using ( [38] ) and ([42]), the distortion for each state of the source and the 
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channel is given by 



Dm if > 1 and 
a1 otherwise. 



1 

.2 \ 6 



Therefore, we have 



Dout 



Pr 



a 



- 1 



Considering exponentially distributed channel gain a, deriving (BTI) is straightforward. 



(76) 



(77) 



Appendix B 
Proof of Proposition [8] 



Noting (42) for 7 = P, distortion can be written as follows 



{i + apy 



and then we can derive 



Dout 



Pr 



(1 + aP) 



> Dm, crj > Dr. 



2 \ b 

s 



-1 ,at> D„ 



Considering exponentially distributed channel gain a, obtaining (61) is straightforward 



(78) 



(79) 



Appendix C 
Proof of Propositions [H] and [I3] 

The average power to asymptotically achieve a certain distortion outage probability using SCOPA- 
MDO and COPA-MDO schemes are denoted by Pi and P2, respectively. Thus, we can use (|5]) to 



derive Gqd- Noting ([54]), ([55]) and ([29]) we set 



lim - 

Pl— >-oo 



E 



2> D 



1 

t2 \ b 



Jim 

i]p(s) ^'""^ / '"r^"-^ 

Dm 



(80) 



Therefore, we can derive ([72]) and complete the proof of Proposition 12 



The proof of Propositions [T3| or 14 is straightforward, when we use (29) and (62) or (62) and 



(68); and obtain the following 



Pi 



lim — 

P2-s>oo / max{CT2} 

' S 



lim In 



p. 



E 

■:o-.?>-Dr, 



1 

y2 \ 6 



D„ 



1 P(s) 



(81) 
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Jim 7 ^ r = Jim — ^ \ . (82) 

P2-)-oo ( ( <^i\^ ^\ TD( \ -Pz^-oo / / max{cr2}\ b \ 
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Fig. 1. Block diagram of the system. 
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Fig. 2. Distortion outage probability versus P; b = 1 and (a) Dm = 8dB (h)Dm = 5dB. 
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